Background. For many years, the prevailing paradigm has stated that in each individual with schizophrenia (SZ) the genetic risk is due to a combination of many genetic variants, individually of small effect. Recent empirical data are prompting a re-evaluation of this polygenic, common disease-common variant (CDCV) model. Evidence includes a lack of the expected strong positive findings from genome-wide association studies and the concurrent discovery of many different mutations that individually strongly predispose to SZ and other psychiatric disorders. This has led some to adopt a mixed model wherein some cases are caused by polygenic mechanisms and some by single mutations. This model runs counter to a substantial body of theoretical literature that had supposedly conclusively rejected Mendelian inheritance with genetic heterogeneity. Here we ask how this discrepancy between theory and data arose and propose a rationalization of the recent evidence base.
Introduction
Schizophrenia (SZ) is a highly heritable and common disorder, with a population lifetime prevalence of 0.4-0.8 % (Tandon et al. 2008) . Although many cases of SZ are sporadic, a major genetic underpinning has been incontrovertibly demonstrated by findings from twin, family and adoption studies. The concordance rate between monozygotic (MZ) twins is approximately threefold higher than that of dizygotic (DZ) twins, the risk to first-degree relatives of people with SZ is about 10-fold higher than that of the overall population and the risk to adopted people is associated with the affected status of their biological but not their adoptive relatives (Riley et al. 2003) . What has been far less clear and more contentious is the mode of inheritance or general genetic architecture of the disorder.
Two major models have been proposed that differ fundamentally in their conception of the disorder and its relationship to normal variation. The application of the common disease-common variant (CDCV) concept to SZ has led to a model that proposes that each case is caused by the inheritance of multiple genetic variants that are common in the population and that the disorder occurs when a threshold of genetic burden is passed ; that is, inheritance of the disorder is polygenic. By contrast, the multiple rare variants model proposes that each case is caused by a single rare variant, but that these variants can occur in different genes in different families/individuals ; that is, the disorder is genetically heterogeneous. In both models, interactions with non-genetic factors are most probably also involved.
For a variety of reasons, the polygenic CDCV model has had far wider acceptance and indeed has been taken by many as proven on theoretical grounds. Under this view, a few examples of single mutations predisposing to SZ or related disorders with high penetrance have generally been considered as exceptional cases of arguable relevance to the generality of SZ or the genetic architecture of the disorder as a whole. Recent empirical data are, however, prompting a re-evaluation of the polygenic CDCV model. These include a lack of the expected number of strong positive findings from genome-wide association studies (GWAS) (Goldstein, 2009 ) and the concurrent discovery of many more single mutations that strongly predispose to SZ and other psychiatric disorders (Sebat et al. 2009 ). These findings, which contradict a substantial body of literature, prompted us to reconsider the theoretical foundations and underpinning assumptions of the polygenic model.
The foundations of the polygenic CDCV model of SZ
Early studies into the familiality of SZ proposed either single-gene recessive, single-gene dominant with incomplete penetrance or two-locus modes of inheritance (reviewed in O' Rourke et al. 1982 ; Riley et al. 2003) . It is informative to reconsider why these models were rejected and replaced with a polygenic model. In many cases, the arguments presented rely on assumptions that seemed reasonable at the time, but that we now know do not hold.
Several observations have led to the proposal of a polygenic basis for SZ. First, there are few examples of pedigrees where SZ segregates in a clearly Mendelian manner with classical segregation ratios (Gregory, 1960 ; Gottesman & Shields, 1967) . The observed segregation ratios, averaged across the population, are not consistent with a single-locus, simple mode of Mendelian inheritance. A polygenic model was also presumed to be more consistent with the continuing high prevalence of the disorder, supposedly by reducing the visibility of each risk allele to negative selection. Several studies that analysed the inheritance of SZ from familial relative risk data (O'Rourke et al. 1982 ; McGue et al. 1985 ; Risch, 1990a) or by segregation analysis (Tsuang et al. 1982 ; Risch & Baron, 1984) also clearly rejected the hypothesis that all cases of SZ are caused by mutation at a single locus. However, they could not distinguish between (a) genetic (locus and/ or allelic) heterogeneity, (b) oligogenic inheritance, with a single gene of major effect and a few modifying loci, or (c) polygenic inheritance. Arguments against Mendelian inheritance at one or a few loci were reinforced by the subsequent failure of linkage studies across multiple, unrelated families to generate consistent results. The reasonable alternative explanation for this inconsistency -that the disorder is highly heterogeneous -was dismissed for several reasons.
In an influential paper, Risch (1990 a) argued directly against heterogeneous Mendelian inheritance on the basis that, if that were the case, then distinct clinical presentations would be expected to segregate in different families : ' if it is allelic heterogeneity, then all related individuals carrying the same allele should show a similar clinical picture '. In fact, we now know that the opposite holds ; individual mutations can result in very different phenotypes in different people, and even in distinct clinical diagnoses (e.g. autism, bipolar disorder, epilepsy, SZ) (Table 1 ). Risch also argued that, if modes of inheritance were different between pedigrees, this would be obvious. However, because of the large decrease in fitness associated with SZ, large multiplex pedigrees are rare and, as penetrance is incomplete, deduction and comparison of modes of inheritance across pedigrees is extremely difficult. Nevertheless, there are now numerous examples of multiplex pedigrees with a better fit to either recessive or dominant inheritance (reviewed by Riley et al. 2003) . Finally, Risch suggested that the results from the linkage scans that had been conducted on SZ at that time were too inconsistent for heterogeneity to explain them ; the lack of replication was taken as evidence instead that the findings were false positives. That a large number of loci might be mutable to cause SZ was thus dismissed as implausible, a priori.
A crucial assumption in that line of reasoning was that rates of mutation are far too low to continuously replenish highly penetrant alleles, which would be expected to be rapidly selected against in the population (Gottesman & Shields, 1967) . That new mutations can be ignored is explicitly assumed in studies that have attempted to deduce the mode of inheritance from data on familial relative risks (O'Rourke et al. 1982 ; McGue et al. 1985 ; Risch, 1990a) . In fact, we now know that the de novo mutation rate is much higher than previously expected (Crow, 2000) . Wholegenome sequencing has revealed a remarkable plethora of rare and private mutations Wheeler et al. 2008 ; Frazer et al. 2009 ) not detected by the HapMap project. In addition, copy number variants (CNVs) occur at a previously unrecognized and appreciable frequency ; lower than point mutations, but affecting far more bases (Sebat et al. 2004 ; Lupski, 2007) . De novo mutations in human sperm accumulate markedly with age (Crow, 2000) and numerous studies have shown a consistent link between increasing paternal age and risk of SZ in offspring (Malaspina et al. 2001 ; Wohl & Gorwood, 2007) . New mutations may thus explain a significant fraction of sporadic SZ cases.
The most commonly cited evidence for a polygenic model of SZ is that the risk to relatives decreases by more than a factor of two with degree of relatedness (Gottesman & Shields, 1967 ; Risch, 1990b) . A monotonic decrease in risk of a factor of two is expected if all cases follow a single-gene dominant mode of inheritance (even if different genes are involved in different families, and regardless of penetrance). It has been argued that this expected relationship is independent of the mode of inheritance (Risch, 1990b) . In fact, under a standard recessive model, for any given mutation, risk to relatives decreases much more sharply and declines rapidly to zero beyond first-degree relatives if the risk allele is rare. If an appreciable proportion of cases are caused by de novo mutation, this will also dramatically reduce the familial relative risk rates. Observed familial risk rates are in fact consistent with expectation from a heterogeneous model, if varying proportions of SZ cases fall under de novo, dominant or recessive modes of inheritance (Table 2) . Thus, despite the commonly held view to the contrary, there are no valid theoretical arguments to reject a Mendelian model of inheritance of SZ, with locus and/or allelic heterogeneity and variable penetrance, that may or may not include a role for modifying alleles. As discussed later, the weight of the empirical evidence also favours such a rare variants model.
Empirical data on the influence of common variants
Advances in human genomics, particularly the HapMap project and associated array-based methods for low-cost, high-throughput genotyping, offered the hope that common variants contributing a modest increase in risk could be detected by GWAS (Risch & Merikangas, 1996 ; Reich & Lander, 2001 ). Several such studies have now been published (Mah et al. 2006 ; O'Donovan et al. 2008 ; Need et al. 2009 ), including recent ones with very large sample sizes, across which data could be pooled for meta-analysis Shi et al. 2009 ; Stefansson et al. 2009 ). Across these studies, only a few loci showed genome-wide significant association with increased risk, each with very small effect sizes [odds ratio (OR) y1.1-1.2]. With the exception of the long-established SZ association with the human leucocyte antigen (HLA) region, there was little evidence for concordance of ' topranked ' associations between the three studies. Given the large sample sizes in each study, the uncontestable primary conclusion is that the predicated large number of common risk variants of even modest effect size do not exist.
To assess more generally the possibility of a polygenic influence on risk, the authors of one of these studies ) derived an aggregate score from the association results of the top 10-50 % of over 74 000 single-nucleotide polymorphisms (SNPs). This score could predict about 3 % of the variance in risk of SZ in a target group. At face value, these data indicate that 97 % of the observed variance in risk is not due to polygenic common variants. The authors argue, however, that the variants that are having a real effect are being drowned out by the noise of the majority of false positives and use simulations to attempt to estimate the ' true variance ' that would be explained if only we knew which SNPs to look at. These simulations are, however, based explicitly on the liabilitythreshold model, which, we argue below, has no biological validity. Moreover, despite the claim of dramatic convergence, the resultant seven models (out of 560 tested) give wildly different estimates of the total true variance explained (from 34 % to 98 %) and the number of SNPs contributing (from 6 % to 100 %). By default, the necessary and striking conclusion from this study is thus that not common, lowly penetrant, but rare, highly penetrant variants explain at least two-thirds and possibly as much as 97 % of the phenotypic variance across the population. This conclusion has sound empirical support.
Empirical support for the rare variants model
The most compelling evidence for rare variants is that many mutations have now been shown to segregate with SZ and are thus highly likely to be causal (McClellan et al. 2007 ; Sebat et al. 2009 ). These include single-gene mutations in addition to CNVs or other cytogenetic abnormalities (Table 1) . Typically, such mutations show high, but incomplete, penetrance for SZ and may lead to other psychiatric disorders such as bipolar disorder, major depression, autism or attention deficit hyperactivity disorder, and also to epilepsy and mental retardation (Table 1) . These findings are consistent with studies of increased co-morbidity of autism, bipolar disorder and epilepsy within families of schizophrenics (Cardno et al. 2002 ; Qin et al. 2005 ; Lichtenstein et al. 2009 ; Steinhausen et al. 2009 ) and provide additional evidence for an overlapping aetiology of these disorders.
It is important to note also several families where the appearance of a psychiatric diagnosis was not restricted to those members carrying the putative causative allele (Guilmatre et al. 2009 ; Xu et al. 2009 ). This apparent violation of the principle of causality could be explained by intra-familial heterogeneity in some families, where more than one highly penetrant mutation is segregating. Such a situation may be more common than expected because of assortative mating (Merikangas, 1982 ) and a high de novo mutation rate.
Thus, mutations in many genes affecting the development or function of the nervous system may lead to the same clinical phenotype, whereas mutations in the same gene can lead to different phenotypes in different individuals (Sebat et al. 2009) . With this background, it is not surprising that traditional linkage studies using single diagnostic categories or combining multiple families segregating different mutations have had few successes in identifying such mutations. This contrasts with the remarkable return, by current proportion of effort and investment, from single family and single case studies.
At the moment, such Mendelian cases or specific CNVs constitute a small, but growing, fraction of SZ cases. There is every reason to think, however, that these represent only the tip of the iceberg and that CNV analyses with better genome coverage and deep resequencing or whole-genome sequencing will turn up many more such cases. For example, sequencing the exons of Disrupted-in-Schizophrenia 1 (DISC1) identified five ultra-rare missense mutations in six out of 288 unrelated cases of SZ (2 % overall), which were not found in 10 000 control chromosomes . Bioinformatic (Chubb et al. 2008 ) and biological analyses (D. Porteous, unpublished data) suggest that these rare variants alter DISC1 function. If a conservative 2 % of cases can be explained by highly penetrant mutations in this single gene, and this case is not exceptional, then single mutations could clearly numerically account for all cases of SZ. Importantly, many of the implicated genes have biologically plausible roles in neural development (Guilmatre et al. 2009 ; Raychaudhuri et al. 2009 ; Sebat et al. 2009) , and when mutated in mice model aspects of SZ with good construct, face and predictive validity (Waddington et al. 2007 ; Carpenter & Koenig, 2008 ; Porteous, 2008) . Average penetrance of 50 % is assumed, based on monozygotic (MZ) twin concordance. A greater than twofold reduction in risk with increasing degrees of relatedness can readily be generated by such a distribution. This is not meant to suggest that these particular figures are correct, but rather the opposite, that frequencies in relatives cannot be used to disprove heterogeneous Mendelian inheritance. As originally pointed out by James (1971) : there is ' an infinite number of parameter sets … which lead to the same frequencies in relatives '.
The hypothesis that they are causative, although obviously requiring case-by-case confirmation, is thus highly parsimonious and well supported by the evidence to date.
Thus, there is now very strong evidence for a major contribution of single mutations of high penetrance to the genetic architecture of SZ. This role has been incorporated into mixed models that either apportion cases to those caused by single mutations versus polygenic influences (Psychiatric GWAS Consortium Steering Committee, 2009) or presume an interaction between these factors in individuals (Frazer et al. 2009 ).
Mixed models, mutations and modifiers
On the reasonable assumption that the rare variants already identified represent only a fraction of those causing disease, and if the model of Mendelian inheritance with genetic heterogeneity is broadly consistent with the distribution of familial risks across the population, is there any reason to invoke additional factors ? Analyses of GWAS data do suggest some contribution from common alleles to phenotypic variance across the population. In addition, many rare variants show incomplete penetrance and variable phenotypic expressivity that could be partly explained by an interaction with other genetic factors. These and other considerations have led to the emergence of mixed models for the genetic architecture of SZ (Fig. 1 ). One such model apportions cases of SZ across the population to those caused by single mutations versus those caused by polygenic effects. A second model proposes that the phenotypic expression of single mutations of high penetrance will be modified by genetic background ; that is, there is an epistatic interaction, within each individual, between diseasecausing and disease-modifying variants. Under this model, the ' causal ' variant may be necessary, but not always sufficient, to generate the phenotype.
We argue here that the second model is more parsimonious, more biologically plausible and has greater explanatory power. speculative genetic mechanism to explain the fraction of cases where a mutation of major influence has not yet been identified. It has been proposed that a cumulative polygenic effect could be manifest as a distinct phenotype under a liability-threshold model (Gottesman & Shields, 1967) . Although this concept has been described mathematically for decades (Dempster & Lerner, 1950) , it remains essentially metaphorical. This model is founded on the notion of an underlying ' liability ' to the disorder, which is normally distributed in the population (reflecting the distribution of many common alleles), but that the risk of developing the disease depends upon exceeding some ' threshold ' of liability. This model posits a sharp increase in risk between someone with n liability alleles on one side of the threshold and someone with n+1 liability alleles on the other (e.g. Kendler & Kidd, 1986) . Why this should be the case is not clear. Nor is there any empirical evidence to suggest that this mechanism ever applies, unless of course n is a very small number and segregation is essentially Mendelian.
The appeal of this model seems to arise from a conflation between a threshold event, in a developmental sense, which can explain incomplete penetrance of an all-or-none phenotype, such as cleft palate, and a threshold of cumulative genetic burden. In cleft palate, the threshold explains the bimodal phenotype distribution in people with the same underlying liability (even MZ twins). Whether or not the phenotype emerges depends on chance or other non-genetic factors, including epigenetic cascades or environmental triggers. A similar mechanism might very well be at play in the emergence of SZ (Mitchell, 2007) (Fig. 2) . However, this mechanism does not relate in any way to the difference in the chance of the event happening in people with different genotypes, nor is there any evidence for a sudden change from very low to very high risk at some point along a genetic continuum.
In fact, biological systems are generally highly buffered and quite robust to the cumulative effects of weak mutations (Kitano, 2004) . Most genetic systems incorporate substantial levels of noise, as a design feature, not a ' bug ' (Kerszberg, 2004) . Intrinsic variation in the amounts or activities of individual components serves to buffer the effects of extrinsic perturbations, and also has the effect of allowing the system to absorb small changes in gene expression of many individual components. These properties hold for both metabolic (Kacser & Burns, 1981) and developmental (Waddington, 1959 ; Siegal & Bergman, 2002) systems.
Several observations have been put forward as supporting a multifactorial threshold model in the case of SZ (Gottesman & Shields, 1967 ). These include : (i) increasing risk with increasing familial loading (number of affected relatives) ; (ii) increasing risk to siblings with the severity of the disorder in the affected proband ; and (iii) increased risk with bilineal inheritance (where both parents are affected). In fact, all of these observations are consistent with a heterogeneous Mendelian mode of inheritance. If some alleles have higher penetrance than others, then some pedigrees will show more affecteds than others and this will correlate with statistical risk to individual members. Similarly, if more highly penetrant alleles also have higher expressivity (and there is no reason to expect that they would not), then individual risk would also be correlated with severity in relatives. Finally, if both parents are affected due to independent risk alleles of modest to high penetrance, then their offspring will obviously be at much higher risk, especially if there are also epistatic interactions between the two alleles (Gottesman et al. 2010) .
A mixed model that apportions cases to either single-mutation or polygenic mechanisms also provides no explanation for the variability in phenotypic expression of particular mutations. The alternative mixed model incorporates a role for polygenic influences but proposes that these modify the phenotypic effects of highly penetrant mutations, rather than producing the phenotype themselves. This view is highly congruent with findings from experimental genetics, where genetic background effects are typical and can be large (Nadeau, 2001 ; Shao et al. 2008) . For example, many phenotypes in mutant mice are affected by a change in genetic background, sometimes dramatically, although the mutant phenotype usually never occurs in either background without the major mutation. Indeed, given the complexities of the phenotypes concerned, it would be astonishing if such genetic background effects were not important in human psychiatric disease (e.g. Girirajan et al. 2010) .
Of course, the genetic background will be made up of all other variants, rare and common, in the genotype. We might expect the rarer variants to make a larger contribution to phenotypic variance ; indeed, this seems to be the case even for many quantitative traits (Cohen et al. 2004 ; Ji et al. 2008 ; Frazer et al. 2009 ; Goldstein, 2009 ). However, common variants (most obviously the presence or absence of a Y chromosome) may also play an important role, as outlined below.
Rare variants, common modifiers and endophenotypes
Particular common variants could directly modify the biochemical, cellular or physiological effects of specific rare variants. For example, common variants in proline dehydrogenase (oxidase) 1 (PRODH) may modify the phenotypic effects of 22q11 deletions (Guilmatre et al. 2009) . Such dominance or epistatic effects would most probably be specific to particular rare variants. Common variants might also influence risk indirectly, but more generally, for example through effects on cognitive reserve (discussed later).
A genetic background effect offers one possible explanation for what might be considered the strongest evidence for a polygenic influence on SZ risk, namely that unaffected relatives of SZ patients often show intermediate values on a range of endophenotypes. The endophenotype model is based firmly on the common variants hypothesis ; specifically, it suggests that different variants may contribute to different aspects of the overall phenotype (such as defects in working memory or executive function, for example) and that the combination of many such defects results in the clinical phenotype (Gottesman & Gould, 2003 ; Braff et al. 2007) . The prediction of this model is that relatives of affected individuals will carry some, but not all, of the multiple risk variants that in combination cause disease, and will thus show some of the endophenotypes of the disease, though normally at a less severe level. By contrast, the single-mutation hypothesis in its simplest form (without modifiers) predicts that unaffected relatives will not differ from the general population.
Many studies do indeed show that unaffected firstdegree relatives of schizophrenics have endophenotypes that place them, on average, intermediate between cases and unrelated controls. These include studies of cognitive endophenotypes, such as working memory or executive function, and also physiological endophenotypes, such as the amplitude of various evoked potentials. How can the rare variants model explain these findings ?
First, some endophenotypes, especially ones that measure cognitive abilities, may reflect a genetic background effect that modifies risk of expression of disease, rather than disease-causing genes per se. There is very good evidence that poor pre-morbid cognitive function, perhaps reflecting inefficient neural processing, is a strong independent risk factor for SZ (Woodberry et al. 2008) . A less efficient brain (with lower ' cognitive reserve ') may be less well buffered and more likely to be pushed into a pathophysiological state by the effects of rare variants (as seen in brain injury and dementia) (Barnett et al. 2006) . SZ patients and their relatives might therefore be expected to have an underlying deficit in cognitive performance, compared to unrelated controls.
A second explanation for observed endophenotypes in ' unaffected ' relatives is that many of them will also carry the risk variant, as the allelic penetrance for the clinical diagnosis is typically less than 50 %. If the penetrance for a particular endophenotype is higher, then many first-degree relatives will show this endophenotype, and in fact may show it at the same level as affecteds. The average across relatives will thus be intermediate between cases and controls. There is good evidence that this situation applies to some endophenotypes. In the case of the DISC1 translocation, for example, relatives who carry the translocation, but who are not diagnosed with a psychiatric disorder, show the same P300 auditory evoked potential phenotype as affecteds Owens & Johnstone, 2006) , again presumably differentiating carriers of a causal mutation from noncarriers.
Explaining the persistence of SZ
The strongest version of the rare variants model thus proposes that most, if not all, cases of SZ are dependent upon the presence of some highly penetrant mutation. This is consistent with general evidence that rare mutations are much more likely to affect protein function and to cause deleterious phenotypes (Kryukov et al. 2007 ; Ng et al. 2008) . Conversely, mutations that have such effects are likely to be subject to strong negative selection and not rise to high allelic frequencies. To explain the high rate of the disorder thus requires both a high enough rate of new mutation and a large enough mutational target (Keller & Miller, 2006) . For this model to be true, there must therefore be many genes that, when mutated, can give rise to SZ. More than 45 distinct loci have already been implicated (Table 1 ) and this number is very likely to increase. A mutation-selection balance model also predicts a preponderance of mutations in larger genes and in regions with a higher than average mutation rate. These predictions are borne out by the data, with the observed length of the implicated genes over 200-fold greater than the genomic average and a significant contribution from recurrent CNVs (Table 2) .
This suggests a straightforward and plausible explanation for the existence and persistence of SZ in human populations. It simply takes a lot of genes to build and wire a human brain. This may seem to contradict the assertion made earlier that neurodevelopmental systems are robust to the cumulative effects of small changes. It is important to note, however, that such systems may nevertheless be sensitive to large perturbations of particular components, especially highly connected nodes (e.g. DISC1) (Kitano, 2004) . When early processes of brain wiring fail due to mutation in one or other of these genes, neurodevelopment may be channelled into a common, maladaptive state (Fig. 2) . For now, we call this schizophrenia, but in time it may be usefully and appropriately redefined on the basis of the particular molecular pathology.
Rethinking the approach to SZ
In summary, there is every reason to expect that most, if not all, cases of SZ are dependent upon the presence of some highly penetrant mutation. The number of loci involved, the frequency of the mutations, the fractions that are dominant or recessive and their penetrance for either intermediate phenotypes or for the clinical diagnosis of SZ itself are all matters for empirical investigation. Where a polygenic effect is likely to be observed is in modifying the phenotypic expression of such mutations, rather than in generating a distinct proportion of cases. Specific epistatic interactions are very likely to be important in determining each individual's phenotype (e.g. Girirajan et al. 2010 ). This will undoubtedly complicate analyses of segregation, as strict Mendelian patterns of inheritance are unlikely to be the norm. In addition, there must also be a major contribution from modifying effects of environmental factors (Kinney et al. 2009) or stochastic developmental variation (Woolf, 1997 ; Mitchell, 2007) to explain phenotypic discordance of MZ twins (Fig. 2) . However, none of these factors should distract from a focus on the primary, causative mutations. As in other areas of biology, mutations with the largest effects in individuals, regardless of their frequency in the population, will be the most informative as to the underlying pathogenic and pathophysiological mechanisms.
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